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Natural bond orbital analysis is applied to the ground and excited states of a set of neutral, cationic,
and anionic doubly bonded species HnCvXHn ~X5C, N, O! isoelectronic with ethylene. The
character of the excitation is correlated with calculated charge shifts and geometry changes upon
relaxation. For these planar molecules, depopulation of thep bond or population of thep* antibond
causes an out-of-plane twist or pyramidalization upon relaxation correlated to the amount of charge
shift. These nonplanar distortions generally lower the energy more than changes in bond lengths and
angles. Population of asXH* antibond by more than;0.4e often leads to dissociation of that proton.
The character and symmetry of the transition are used to match excited states in the protonated and
deprotonated species so as to extract an excited state deprotonation energy. The vertical
deprotonation energy of thep→p* state tends to be higher than that of the ground state due to
greater electronic destabilization of the deprotonated species, while Rydberg excited states take less
energy to deprotonate. Adiabatic deprotonation energies can be greater or less than that of the
ground state depending on whether the protonated or deprotonated species is more stabilized by
geometry relaxation. ©1996 American Institute of Physics.@S0021-9606~96!01835-1#

I. INTRODUCTION

The topic of proton transfer has received much attention
because of its importance in many chemical and biological
processes, including solvation,1 enzyme catalysis,2 and ion
transport.3 The phenomenon of photoinduced proton transfer
has been studied experimentally4 and, with the development
of ab initiomethods for the calculation of excited state wave
functions5,6 and including correlation,7 a variety of intermo-
lecular and intramolecular proton transfer reactions have
been studied theoretically.8 Electronic excitation alters the
properties of the system so as to enable rapid transfer.

Probably the most dominant of these properties is the
gas-phase proton affinity or deprotonation energy of the pro-
ton donor and acceptor groups, which reflects their intrinsic
basicity in the absence of any solvent effects. A systematic,
detailed study of the effect of excited state electronic and
geometric rearrangement on the proton affinities of simple
groups might be expected to shed light on the factors that
control excited state proton transfer. One such set of mol-
ecules are those that contain doubly bonded C, N, and O
atoms in a planar unsaturated group, many of which are
known chromophores.9

Several detailed calculations of accurate vertical and
adiabatic transition energies for both valence and Rydberg
excited states of ethylene5,10,11,15 and formaldehyde5,12–16

have been recently performed. Early experimental work, re-
viewed by Merer and Mulliken,17 identified five important
states in ethylene:1A1 ~ground state!, 3B1u ~triplet p→p*
state!, 3B3u ~triplet p→3s Rydberg state!, 1B3u ~singlet
p→3s!, and1B1u ~singletp→p* !, orN ~normal!, T ~lowest
triplet!, TR ~triplet Rydberg!, R ~singlet Rydberg!, and V
~lowest singlet!, respectively, in Mulliken’s notation. CIS

calculations by Foresmanet al.5 showed the twop→p*
states are both stabilized by torsional ‘‘twisting’’ from the
planarD2h structure to aD2d structure with the two CH2
planes oriented 90° with respect to each other, along with a
lengthening of the CC bond.

Formaldehyde, the simplest in the class of carbonyl
compounds, shows bothp→p* andn→p* transitions, im-
portant for photochemical reactions, due to the presence of
both thep system and two oxygen lone pairs. Hadadet al.14

calculated the vertical transition energies for the first 20 sin-
glet states and 10 triplet states. The adiabaticp→p* singlet
state is planar, but with a longer CO bond length, and the
triplet p→p* andny→p* states distort to a nonplanar ge-
ometry. While the second highest occupied molecular orbital
~labeledp! is essentially a localizedp bond, the HOMO
~labeledny! was found to be not simply a nonbonding oxy-
gen lone pair as stated previously,18 but actually delocalized
over the entire molecule. However, charge density difference
plots showed several pairs of excitations with the same sym-
metry to be mixtures ofp→p* andn→3p character, requir-
ing some states to have more than one label. The molecular
orbitals of acetaldehyde, with just an additional methyl
group, were found to have an even greater amount of mixing,
such that labels ‘‘p’’ and ‘‘ n’’ no longer fully describe the
character of the state~but were used for consistency with
earlier work!.

In addition to the comprehensive body of work on
H2CvCH2 and H2CvO, the energetics of other selected
doubly bonded species isoelectronic with ethylene have been
studied. Ground state proton affinities have been calculated
for the ethylene anion, H2CvCH2,19–21 formaldehyde,20–28

and H2CvNH20,23,29semiempirically,22,25,29at various levels
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of ab initio theory,19,23,24,26–28and using several density
functional methods.27

Calculations by Marudarajan and Scheiner on the ground
and excited states of HCwCH30 and HCwN31 and their
deprotonated anions at the unrestricted Hartree–Fock~UHF!
and unrestricted Mo” ller–Plesset~UMP2! level showed that
these species undergo a radical change in geometry upon
excitation to low-lying excited states, from linear to bent.
The lower energy of the acetylenep→p* bent conformation
was explained using the molecular orbital~MO! atomic or-
bital coefficients; thep* MO, whose greatest contribution is
from the hydrogens, is stabilized by moving these atoms to
either thetransor cis position. The excited states of HCwN
require several kcal/mol more energy to deprotonate than the
ground state, consistent with a shift in electron density to-
ward the carbon center. However, despite a strong shift in
density from C to H, the deprotonation energies of the first
singlet and first two triplet states of acetylene are nearly the
same as for the ground state. For both molecules, the differ-
ence in the deprotonation energies is less than 5% of the
ground state value. It is not clear from these two examples
whether this is a general phenomenon, or peculiar to simple
triply bonded molecules.

The current paper reports the study, at a satisfactoryab
initio level of theory, of the ground and low-lying excited
states of a subset of neutral doubly bonded species
H2CvXHn ~X5C, N, O;n52,1,0! isoelectronic with ethyl-
ene, and the cations and anions that result from protonation
and deprotonation, respectively. The relevant deprotonation
reactions are shown in Fig. 1. We wish to determine the
generality of the isolated results of previous studies of these
species, as well as to determine trends in proton affinities
based on the character of the state as the electronegativity of
the X atom increases and XH bonds are replaced with lone
pairs. This set of molecules was chosen because the ground
state is well described by one localized set of Lewis-type
bonding orbitals, and the ground state planar geometry al-
lows clear separation between thes and p systems to be
retained in the vertically excited states.

In both HCwCH and HCwN, the low-lying valence ex-
cited states could be easily correlated between the protonated
and deprotonated species because the states were spread
fairly far apart and had unique symmetry. This may not usu-
ally be the case, and a more systematic method of correlating
excited states of similar character is needed. Natural orbital
analysis~NBO!32,33 is used here to assign the character of
each excited state by describing the density in terms of a set
of easily recognizable Lewis-type bonding orbitals. This pro-
cess allows corresponding excited state energies in the pro-
tonated and deprotonated species to be ‘‘matched’’ to yield
deprotonation energies even in species with a high density of
electronic states. We investigate the generality of the geom-
etry changes observed for the adiabatic excited states of eth-
ylene and formaldehyde in states of similar character over
the H2C5XHn isoelectronic series, and suggest the origin of
these changes based on the excited state character and the
orbitals affected by the excitation.

II. METHOD

For consistency, the coordinates for all molecules in this
study were transformed as indicated in Fig. 1. Thez axis is
perpendicular to the plane of the molecule,x is in-plane per-
pendicular to the C–X bond, and they axis is parallel to the
C–X bond. All calculations were performed using the
GAUSSIAN 9234 electronic structure package. The 6-31
1G(d,p) basis set35 was chosen as the smallest basis set that
includes both polarization functions on all atoms~3d orbitals
on C, N, O; 2p on H! and diffusesp functions on heavy
atoms, needed to properly describe anions,23,36 certain Ryd-
berg excited states,5,14and proton affinities of neutral species
with nonbonding electron pairs.37 This basis has also been
shown to have a particularly low basis set superposition error
~BSSE! among available standard basis sets.38,39McMurchie
and Davidson,40 who used a similar basis for calculations on
ethylene, commented that the use of an even more complete
basis would clutter thep* subspace, as well as obscure iden-
tifiable contributions froms* valence orbitals. Indeed, de-
spite yielding more accurate vertical transition energies,
many excited states could not be optimized at the
6-311~21!G** level because of multiple curve crossings by
the larger manifold of Rydberg states during the relaxation
process. The 6-311G(d,p) basis was the largest one which
allowed clear optimization of the valence states.

The ground state geometries were optimized at the re-
stricted Hartree–Fock~RHF! level of theory. Energies of the
first 10 singlet and triplet vertical transitions for cations and
neutral species~which includes the most important valence
and Rydberg states! and the first 15 transitions for anions~or
those with transition energies up to;200 kcal/mol! were
then computed by the CIS~configuration interaction among
all single excitations! method.5,15,41The excited states were
next allowed to relax to their optimized geometry at the CIS
level, yielding an adiabatic excitation energy.

FIG. 1. Deprotonation reactions of doubly bonded species considered in this
study.
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The CIS method has been successfully applied to the
excited states of a variety of molecules42 including the eth-
ylene and formaldehyde studies mentioned above.5,10,14Even
with a basis containing diffuse functions, the excited state
transition energies tend to be consistently too high by a few
kcal/mol for valence states, and by as much as 23 kcal/mol
for Rydberg states. Applying Mo” ller–Plesset second-order
perturbations~MP2! to the CIS wave function brought the
excited state energies of formaldehyde more in line with ex-
periment.

Our analysis of excited state densities showed that while
atomic orbitals based on the CIS generalized density have
reasonable occupancies and overlap matrix elements, densi-
ties from both the CIS-MP2 and spin unrestricted form of the
CIS wave function~UCIS! yield unreliable populations. The
occupancies of several of the atomic orbitals~AOs! formed
from these densities are negative, and overlaps of the result-
ing LCAO bond orbitals with one another are several times
larger than for ground state densities. The occupancy-
weighted symmetric orthogonalization of these AOs to form
natural bond orbitals32 yields populations significantly out-
side the expected range of 0–2 electrons,43,44 making the
assignment of excited state character based on such natural
bond orbitals~NBOs! unreliable for the purpose of correlat-
ing states between protonated and deprotonated species. To
avoid this problem we have consistently retained the CIS
level to ascertain qualitative and quantitative trends.

Natural bond orbital~NBO! analysis of the ground state
and excited state densities was performed separately in order
to show the shift in electron density upon excitation, inde-
pendent of the choice of ground state orbitals. NBOs are the
localized set of easily recognizable Lewis-like~s and p
bond, lone pair, and core! and non-Lewis~s* andp* anti-
bond and Rydberg! orbitals which are optimal in the sense of
orthonormality and maximum occupancy of the Lewis set.
The total non-Lewis density~r* !, or sum of occupancies of
the non-Lewis orbitals, is a measure of the degree of delo-
calization. There is also a clear distinction between valence
and Rydberg orbitals, so that the character can be easily seen
in the orbital labels and occupancies, and from the total
Rydberg occupancy. If both the occupied and unoccupied
MOs involved in the excitation are localized on one or two
centers, e.g. forp→p* excitation, then the NBOs not in-
volved in the excitation can be expected to be nearly identi-
cal in shape and occupancy to the corresponding ground state
orbitals, and only the two corresponding NBOs should be of
different form and with depleted bond occupancy and in-
creased antibond occupancy. If the excitation involves MOs
with density on several centers, then the optimal set of oc-
cupied ~Lewis! NBOs will be somewhat different in shape
and of lower occupancy to reflect the depletion of density in
the bonding regions, while several non-Lewis orbitals will
have higher occupancy. Therefore analysis of the differences
between the two sets of NBOs shows directly the extent to
which the excitation is delocalized.

III. EXCITED STATE DENSITIES AND
DEPROTONATION ENERGIES

A. Ethylene

Table I lists the most important singlet and triplet va-
lence and Rydberg excited states of ethylene along with the
corresponding transition energies. We consider first the ver-
tical transitions. Each state is characterized by both the sym-
metry of the transition and the corresponding molecular or-
bitals as characterized by changes in NBO populations.
~Mulliken’s labels for theT, V, TR , andR states are also
indicated.! Included in the label are all NBOs which are
populated or depopulated by at least 0.1e compared with the
ground state NBOs, in decreasing order of the magnitude of
the change in occupancy. Most of the ethylene excitations
are fairly localized, involving significant changes to only
2–4 NBOs.45 For ethylene, the HOMO is essentially thepCC

bond; hence most of the low-lying singlet and triplet states
depopulate thepCC NBO. The second highest occupied MO
consists of a linear combination of thesCC andsCH bonds;
states which excite from this MO have weakersCH NBOs
with an occupancy of only 1.74–1.84e compared to 1.987
for the ground state. For the ninth singlet and triplet states, a
sCC orbital with 1.56–1.60e, depleted from 1.997, is also
involved.

CIS calculations using a basis set with two sets of dif-
fuse functions@6-311~21!G* # were performed on ethylene
by Wiberget al.10 In contrast to our NBO analysis, charge
density difference plots were used to assign the character of
the first 20 singlet and 10 triplet states of ethylene. Account-
ing for the axis rotation fromC2v to Cs symmetry
(x→z,y→x,z→y), our ordering and assignments of the va-
lence andp→r 3s andp→r 3p Rydberg states are fairly close
to theirs~though slightly higher in energy!, listed in the fifth
column of Table I. However, they assigned the 21B1g and
2 3B1g states aspCH2

8 →p* , whereas we find that these states
clearly depopulate thesCH andsCC orbitals, and the MO has
nop character. The only exception in ordering is the energy
reversal of the 11B1u and 11B1g states, although their two
states lie within 1 kcal/mol of one another. The singlet states
were found by Wiberget al. to be more diffuse and higher in
energy than the triplet states of the same character, which
also agrees with our results. They also found a significant
decrease in CC bond order for thep→p* and Rydberg
states, consistent with weakening of thep bond.

Listed in the sixth column of Table I are the changes in
the natural atomic charges32~c! of the carbon atoms upon ex-
citation. The sixth and ninth singlet and triplet states mani-
fest a noticeable charge shift away from H and toward C,
consistent with depopulation of the CH bonds. This finding
is understandable in light of the shift out of thesCH NBOs
and intopCC* or a C Rydberg orbital. The NBO analysis of
both the 11B1u(V) and 21Ag singlet states confirms signifi-
cant mixing ofp* and Rydberg character, previously found
by Buenker and Peyerimhoff,46 Robin,47 and Mulliken.48

The excited states of ethylene can be compared with
those of its deprotonated form, CH2CH

2, reported in Table
II. One CH bond of ethylene has been replaced with a more
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flexible ~and higher energy! carbon lone pair, which becomes
the primary contributor to the HOMO. Lone pair NBOs are
labeled italicn, which should not be confused with nonbond-
ing orbitals ~n! which refer to MO types. The first excited
singlet state shows evidence of valence-Rydberg mixing
similar to that in some of thep→p* excitations in ethylene.
The anion’s transition energies are lower and closer together
than in the neutral.

The nonequivalence of the two C atoms in CH2CH
2

leads to substantial shifts of density from one to the other.
The nC2 NBO is of course heavily localized on C2, the car-
bon bonded to one hydrogen. Hence those states exciting out
of this orbital tend to shift density from C2 toward C1. The
first triplet, for example, shows charge shifts on C1 and C2 in
excess of 0.3.~The hydrogens are also affected, but to a
lesser extent.! Though the ground state C–Cp bond is po-
larized 64%/36% toward C1 ~and therefore thep* toward
C2!, p excitations sometimes also shift charge in the same
direction. C1 gains half of an electron in the third singlet.
States which show a charge buildup on C2 generally excite
into a Rydberg orbital of that atom. Overall, one can con-
clude that electronic excitation affects charge distribution
quite differently in the neutral and anionic forms of ethylene.

Allowing relaxation of the molecular geometries follow-
ing electronic excitation leads to certain important changes.
Table I reports the adiabatic excitation energies~AEE! and

optimized geometries for the excited states of ethylene in the
last columns. These structures may be compared to the
ground state geometry in the first row. Nearly every excita-
tion lengthens the CC bond. This is not surprising since ex-
citation out of thep bond or into thep* antibond weakens
the CC bond and causes it to elongate. The only state in
which the CC bond is shorter is theB3g singlet excited state,
which depopulates the CH bonds and moves density from the
hydrogens to the carbons. The CH bond length is fairly in-
sensitive to excitation except when the CC bond length un-
dergoes a sizable change. The same is true of the CCH angle.
A longer rCC tends to shortenrCH and push the CH bonds
further apart, i.e.,uCCH decreases.

The largest increase in bond length is seen in the 21B2g

singlet state, in which thesCC bond is depopulated in addi-
tion to thepCC* occupation.p→p* excitations, as in1B1u

and 3B1u, completely sever thep bond and the molecule
twists out of a planar structure to a staggered conformation
nearly of D2d symmetry ~90° twist!, shown in Fig. 2~a!.
Though an electron is excited out of thep bond for both
states, the fifth singlet transition populates thep* orbital to a
lesser extent~0.118e! than the second~0.921e!, and so the
torsional twist is less, only 33° from planar@Fig. 2~b!#. The
greatest distortion is seen for the ninth triplet state
~sCH/sCC→p* !; the optimized geometry is shown in Fig.
2~c!. The CH2 groups are not only twisted relative to each

TABLE I. Vertical excitation energies~VEE in kcal/mol!, natural charge shifts, adiabatic excitation energies~AEE!, and optimized geometriesa for ethylene.

State Symmetryb Transitionc VEEd Wiberge Dqc
f AEE rCC rCH uCCH

Ground state
0 1 1Ag(N) 1.3206 1.0764 121.66

Singlet states
1 11B3u(R) pCC→rC(3s)(2) 179.7 164.4 10.037 174.0 1.4121 1.0714 120.31
2g 1 1B1u(V) pCC→pCC* /rC(3pz)(2) 182.4 178.5 20.024 130.4 1.3747 1.0897 123.64
3 11B1g pCC→rC(3px)(2) 189.9 177.8 10.068 185.6 1.3983 1.0784 119.36
4 11B2g pCC→rC(3py)(2) 192.7 181.3 20.014 185.3 1.4297 1.0742 121.46
5h 2 1Ag pCC→rC(3pz)(2)/pCC* 209.2 186.6 20.057 203.3 1.3753 1.0779 120.60
6 21B1g sCH(4)→pCC* 216.9 214.0 20.301 unresolvable curve crossing
9 21B2g sCC/sCH(4)→pCC* 242.1 236.6 20.140 195.7 1.6330 1.0676 108.30

Triplet states
1i 1 3B1u(T) pCC→pCC* 85.8 82.3 10.070 49.6 1.4605 1.0762 121.26
2 13B3u(TR) pCC→rC(3s)(2) 170.5 159.3 10.021 163.9 1.4182 1.0699 120.06
3 13B1g pCC→rC(3px)(2) 186.6 175.9 10.085 182.6 1.3941 1.0817 119.54
4 13B2g pCC→rC(3py)(2) 188.6 178.7 10.008 179.8 1.4498 1.0806 121.71
5 13Ag pCC→rC(3pz)(2) 191.4 179.2 20.078 186.8 1.4007 1.0706 120.38
6 23B1g sCC/sCH(4)→pCC* 201.2 197.4 20.300 Unresolvable curve crossing
9j 2 3B2g sCH(4)/sCC→pCC* 225.2 20.151 170.1 1.4638 1.1191 87.29

1.0753 129.46

aDistances are in angstroms, and angles are in degrees.
bState symmetry in ground state geometry.
cNumbers in parentheses indicate number of such orbitals involved, e.g., orbitals on both C atoms.
dThis work.
eReference 10, CIS/6-311~21!G** .
fDqH521/2DqC .
gfH5CCH3

5 88.40°~‘‘twist’’ dihedral angle, degrees from planarity!.
hfH5CCH3

533.32°.
ifH5CCH3

585.70°.
jfH5CCH3

5 16.75°,fH4CCH3
5 54.62°~‘‘pyramidal distortion’’ dihedral angle, degrees from planarity!.

4678 J. K. Badenhoop and S. Scheiner: Deprotonation energies

J. Chem. Phys., Vol. 105, No. 11, 15 September 1996

Downloaded¬13¬Jun¬2011¬to¬129.123.124.169.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/about/rights_and_permissions



other, but also pyramidalized 55° away from planar. Nonpla-
nar distortions generally lower the adiabatic excitation en-
ergy more than planar geometry changes, leading to a reor-
dering relative to the vertical excitations.
CIS-MP2/6-311G* optimization5 of the first singletp→3s
(R) state relaxed the geometry to aD2 structure twisted by
24°, compared to 37° for experiment;49 the CC bond also

lengthened to 1.41 Å and the HCH angle increased by 3.0°.
The CIS method without correlation finds a planar optimized
geometry for thep→rC(3s) states, though the surface is rela-
tively flat relative to out-of-plane twist. More specifically,
the CIS energy of theR state at the CIS/MP2 optimized
value off523.66° lies only 0.66 kcal/mol above that of the
planar geometry.

Table II lists the optimized CC and C–H5 bond lengths
and HCCH rotation angles for CH2CH

2. Optimized geom-
etries for some excited states could not be found, particularly
in states involving changes in the torsion angle. In these
cases the given CIS root shows mixing of several occupied
and unoccupied MOs, and the optimization procedure cannot
follow the excited state across multiple curve crossings. This
occurs more often for cations and anions than for neutral
species. One also sees more than one state converge to the
same geometry when optimization occurs. An example of
this is the pair of3A8 states numbered 2 and 5. As in the case
of ethylene, strong excitation into the CH2CH

2 p* antibond
often leads to nonplanar distortion of the molecule, as in the
first singlet and triplet states@Figs. 2~d! and 2~e!#, or a large
increase in CC bond length. However, unlike CH2CH2 itself
the anionic species can relax to relieve steric strain by in-
creasing the CCH5 bond angle from the ground state value of
108.57° to the more linear 140°–149° observed in many of
the Rydberg excited states.

FIG. 2. Nonplanar excited state geometries~CIS 6-311G* ! of CH2CH2 and
CH2CH

2.

TABLE II. Vertical excitation energies~kcal/mol!, natural charge shifts,a adiabatic excitation energies, and optimized geometries for CH2CH
2.

State Symmetry Transition VEE DqC1 DqC2 AEE rCC rCH5

Ground state
0 1 1A8 1.3544 1.1062

Singlet states
1b 1 1A9 nC2→pCC* rC1(3pz) /rC2(3pz) 92.7 20.331 10.132 65.1 1.3975 1.0873
2 21A8 nC2→rC2(3spxy) 99.2 20.044 20.087 74.6 1.3938 1.0661
3 31A8 nC2→rC1(3spy) /rC2(3spy) 105.6 20.502 10.233 87.2 1.2754 1.0681
4 21A9 pCC→rC1(3spy) 114.5 20.260 10.006 109.0 1.4515 1.0955
5 41A8 nC2→rC1(3px) /rC2(3px) 119.1 20.389 10.201 Unresolvable curve crossing
6 31A9 nC2→rC1(3pz) /rC2(3pz) 120.6 20.135 20.115 103.1 1.2780 1.0684
7 51A8 pCC→rC1(3px) /rC2(3px) 131.6 20.140 10.167 103.9 1.2767 1.0724
8 61A8 nC2 /pCC/sCH5

→rC2(3px) /rC1(3pz) /rC1(3px) 136.1 20.228 10.082 131.0 1.3287 1.0786
11 81A8 pCC/nC2→rC1(3pz) /rC2(3pz) /pCC* 150.0 20.090 20.008 147.4 1.4028 1.0897
12 51A9 pCC/nC2→pCC* /rC1(3pz) /rC2(3pz) 161.2 20.072 10.011 160.4 1.3800 1.0949
13 61A9 pCC→rC2(3pxy) /rC1(3spxy) 166.3 10.067 20.123 160.7 1.4543 1.0956
Triplet states
1c 1 3A9 nC2→pCC* 65.1 20.440 10.320 41.1 1.4518 1.0970
2 13A8 nC2→rC2(3s) 82.6 10.035 20.225 66.8 1.2978 1.0596
3c 2 3A9 pCC→pCC* 88.6 10.376 20.309 41.1 1.4518 1.0970
4 23A8 nC2→rC1(3spxy) /rC2(3spxy) /sCH5

* 101.4 20.355 10.151 83.3 1.2739 1.0726
5 33A8 nC2→rC2(3px) /rC1(3spxy) /sCH5

* 104.1 20.106 20.107 66.8 1.2978 1.0596
6 43A8 pCC→rC1(3spy) 108.5 20.271 10.279 83.3 1.2739 1.0726
7 33A9 nC2→rC1(3pz) /rC2(3pz) 115.5 20.052 20.183 98.7 1.2806 1.0675
8d 5 3A8 pCC→rC1(3pz) /rC2(3pz) /pCC* 126.9 20.321 10.206 123.1 1.4297 1.0917
9 63A8 pCC→rC1(3pxy) /rC2(3spx) 127.4 20.132 10.139 98.7 1.2806 1.0675
13 53A9 pCC/nC2→rC2(3py) /pCC* /rC1(3py) /rC2(3pz) 159.2 20.056 20.074 154.0 1.4562 1.0883

aC1 is bonded to two hydrogens and C2 to one in CH2CH
2.

bfH5CCH3
574.06°,fH4CCH3

531.86°.
cfH5CCH3

555.37°,fH4CCH3
548.36°

dfH5CCH3
51.87°,fH4CCH3

52.10°.
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B. CH2NH

Table III lists the excited states of CH2NH2
1 , which has

the same basic geometry as ethylene except that one carbon
is replaced by the more electronegative N. Like ethylene,
most of the excitations come from thep HOMO. The low-
lying excitations in CH2NH2

1 involvep* , as compared to the
Rydberg transitions of CH2CH2. Compared with ethylene,
excitations of CH2NH2

1 are less localized, with more of them
involving MOs which include the CH and NH bonds and
antibonds in addition to thepCN or pCN* orbitals. The vertical
excitation energies are spread further apart for this cation
than for ethylene, with the Rydberg excitations occurring
higher in the list relative to the valence excitations.

Table IV shows the excited states of neutral CH2NH. As
in the CH2CH2/CH2CH

2 case, removal of a proton from
CH2NH2

1 reduces the spacing of the excited state energy lev-
els. Nearly every excitation shifts electron density from N to
C, similar to C2→C1 shifts in CH2CH

2. The greatest charge
shifts from N to C, 0.38–0.53e, are seen in excitations from
the nitrogen lone pair to a carbon Rydberg orbital. Also sig-
nificant are excitations into thep* orbital, which is polarized
toward carbon.

Removal of a second proton to form CH2N
2 produces a

further reduction in state separation. Several states of the
anion lie less than 100 kcal/mol above the ground state. This
anion, which has the same type of geometry as formaldehyde
~vide infra!, has two N lone pairs. The set of Lewis-type
NBOs which best describes the ground state density hybrid-
izes the two nitrogen lone pairs as a higher energyn2px or-

bital and the othern2spy; H2CO similarly contains the same

two lone pairs on O. NBO analysis of states involving exci-
tation out of the lone pairs in both CH2N

2 and CH2O show
that the HOMO is primarily of 2px character, and more en-
ergy is needed to excite from the more stable lone pair MO
which is of spy character. In CH2NH and CH2OH

1, the
single lone pair is ofspxpy character, indicating that a rehy-
bridization occurs upon protonation.

The greater contributions from the CH and NH bonds
and antibonds in excited state CH2NH2

1 ~Table III! leads to
several states which break one or more of these bonds and
dissociate.50 The tenth singlet state breaks both C–H bonds
in a symmetric manner, while the triplet dissociations break
the symmetry by dissociating only one of two equivalent
bonds. Several of the singlet states optimize to the same
twistedC2d geometry@Fig. 3~a!# due to significant MO mix-
ing, while a reduced C2 triplet excited state geometry with a

TABLE III. Vertical excitation energies~kcal/mol!, adiabatic excitation energies, and optimized geometries for CH2NH2
1 .

State Symmetry Transition VEE AEE rCN rCH
a rNH

a uNCH uHNC

Ground state
0 1 1A1 1.2633 1.0761 1.0043 119.81 121.70

Singlet states
1b 1 1A2 pCN /sCH(2)→pCN* 206.2 114.8 1.3165 1.0902 1.0145 121.15 122.90
2b 2 1A1 pCN→pCN* 234.4 114.8 1.3165 1.0902 1.0145 121.15 122.90
3b 1 1B1 sCN /sCH(2)/pCN /sNH(2)→pCN* 271.2 114.8 1.3165 1.0902 1.0145 121.15 122.90
4b 2 1B1 pCN→rN(3s) /sNH* (2) 278.6 114.8 1.3165 1.0902 1.0145 121.15 122.90
5 21A2 pCN→rN(3px) /sNH* (2) 298.4 280.1 1.3255 1.0975 1.1895 120.08 126.51
6b 1 1B2 sCH(2)/sNH(2)→rC(3s) /rN(3s) /sNH* (2)/sCH* 322.5 114.8 1.3165 1.0902 1.0145 121.15 122.90
7b 3 1B1 pCN→rC(3spy) /rN(3py) /sCH* (2) 327.5 114.8 1.3165 1.0902 1.0145 121.15 122.90
8 31A2 pCN /sNH(2)→pCN* 333.4 280.1 1.3255 1.0975 1.1895 120.08 126.51
9c 3 1A1 pCN→rN(3pz) /rC(3pz) /pCN* 340.4 318.3 1.3026 1.1225 1.0338 118.72 121.72
10 21B2 sCH(2)/sNH(2)→rC(3pz) 350.3 Dissociative—C–H bonds broken

Triplet states
1d 1 3A1 pCN→pCN* 124.2 92.2 1.3658 1.0931 1.0159 110.50 124.00

1.0781 1.0142 115.95 120.42
2d 1 3A2 pCN /sCH(2)→pCN* /sCH* (2) 183.2 92.2 1.3658 1.0781 1.0142 115.95 120.42

1.0781 1.0142 115.95 120.42
3d 1 3B1 pCN /sCN /sCH(2)→pCN* 243.6 92.2 1.3658 1.0781 1.0142 115.95 120.42

1.0781 1.0142 115.95 120.42
4 23B1 pCN→sNH* (2)/rN(3s) 264.6 Dissociative N–H bond broken
5 23A2 pCN→sNH* (2)/rN(3px) 291.4 Dissociative—N–H bond broken
6 13B2 sCH(2)/sNH(2)→sCH* (2)/rC(3spy) 298.2 Dissociative—C–H bond broken
7 23A1 sCH(2)/sNH(2)→sCH* (2)/sNH* (2) 309.7 Dissociative—C–H bond broken
8 33A2 pCN /sNH(2)→pCN* /sNH* (2) 318.6 Unresolvable curve crossing
9d 3 3B1 pCN→rC(3s) /rN(3py) /sCH* (2) 318.9 92.2 1.3658 1.0931 1.0159 110.50 124.00

1.0781 1.0142 115.95 120.42
10 23B2 sCH(2)/sNH(2)→sNH* (2)/rC(3py) 320.5 Dissociative—N–H bond broken

aTriplet states optimize to C1 geometry; first row5 rCH1, rNH3; second row5 rCH2, rNH4
bfH5NCH4

590.00°.
cfH5NCH4

556.24°.
dfH5NCH4

581.05°,fH4CNH3
548.04°.
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significantly longer CN bond~1.366 Å! and a CH2 group
pyramidalized 48° out of plane@Fig. 3~c!# appears to be the
most stable configuration. In general, higher energy cation
Rydberg transitions collapse to the adiabatic geometry of a
lower valence excited state.

The degree of nonplanarity of the adiabatic excited state
geometries of CH2NH is described by the dihedral angles in
the second and third last columns of Table IV. When the CN
bond is weakened by excitation out of thep bond or into the
p* antibond, the NH bond twists out of the plane and the
CH2 group pyramidalizes, either in the opposite direction
@Figs. 3~d! and 3~g!# or in the same direction@Figs. 3~e! and
3~f!#. The correlation betweenp, p* , or r 3pz character and
the amount of nonplanar distortion can be seen by comparing
the two torsion angles with the change in population of the
p, p* , or the sum of therC(3pz) andrN(3pz) populations in the

last column of Table IV. For nonplanar geometries this
change is at least 0.7e. An exception is the fourth singlet
state, in which the planar geometry appears to be stabilized
by partial population of thesNH* orbital. For the other states,
the greater this change in population, the larger the nonpla-
nar distortion.

Comparison of the excited state optimized geometries of
CH2N

2 ~Table V! and CH2O shows that the CH2N
2 overall

negative charge stabilizes the planar geometries relative to
nonplanar distortions such that only the tripletnN(2px)→p*
excitation causes the CH bonds to bend out of the plane.
Because of the higher energy of the CH2N

2 HOMO, which
is primarily thenN(2px) lone pair, compared to that of CH2O,

which also includes somesCH andpCO character with the
nO(2px) orbital, an electron is more easily excited from this

orbital ~Table V!.
FIG. 3. Nonplanar excited state optimized geometries~CIS 6-311G* ! of
CH2NH2

1 and CH2NH.

TABLE IV. Vertical excitation energies~kcal/mol!, adiabatic excitation energies, optimized geometries, and changes in orbital occupancy for CH2NH.

State Symmetry Transition VEE AEE rCN rNH5 fH4CNH3
fH5NCH3

Population
changea

Ground state
0 1 1A8 1.2522 1.0052 0.00 0.00

Singlet states
1 11A9 nN(2pxy)→pCN* 135.9 94.2 1.3165 1.0092 25.98 77.01 Dr~p* !510.927
2 21A8 nN(2pxy)→rC(3spy) /rN(3s) /sNH* 192.2 175.1 1.2038 1.0540 0.00 0.00
3 31A8 pCN→pCN* 206.7 178.8 1.5420 1.0223 45.29 48.36 Dr~p!520.802

Dr~p* !510.912
4 21A9 pCN→rN(3spx) /rC(3spxy) /sNH* 209.7 200.3 1.3548 1.0500 0.00 0.00 Dr~p!520.993
5 41A8 nN(2pxy)→rC(3spy) 220.6 197.0 1.1931 1.0495 0.00 0.00
7 31A9 pCN→rC(3spxy) /rH3(2s) /sCH3

* 233.8 208.0 1.2802 1.0216 0.00 38.37 Dr~p!520.735
8 41A9 nN(2pxy)→rC(3pz) /rN(3pz) 235.6 215.4 1.1862 1.0005 1.33 30.23 Dr(r c!510.574

Dr(rN!510.225
10 61A9 sCH3

/sCN /pCN /sNH→pCN* 241.9 94.2 1.3165 1.0092 25.98 77.01 Dr~p!520.242
Dr~p* !510.667

Triplet states
1 13A8 pCN→pCN* 99.7 63.3 1.4228 1.0119 42.32 76.56 Dr~p!520.994

Dr~p* !510.988
2 13A9 nN(2pxy)→pCN* 109.5 62.8 1.4118 1.0099 44.92 30.50 Dr~p* !510.959
3 23A8 nN(2pxy)→sNH* /rC(3s) /rN(3s) 181.4 63.3 1.4228 1.0119 42.32 76.56
4 23A9 pCN→rC(3s) /rN(3s) /sNH* 202.6 Dissociative—N–H bond broken
5 33A8 nN(2pxy) /sCH(2)→rC(3spxy) /sCH3

* /sNH* /rH3(2s) 210.6 Dissociative—C–H3 bond broken
7 33A9 pCN /sCH3

/sCN /sNH→pCN* 219.9 62.8 1.4118 1.0099 44.92 30.50
8 43A9 pCN→rC(3pxy) /sCH3

* /rH3(2s) 230.5 63.3 1.4228 1.0119 42.32 76.56
10 63A9 pCN→rC(3pxy) /pCN* /rC(3pz) 238.1 63.3 1.4228 1.0119 42.32 76.56

aChange~s! in p, p* , or r (3pz) orbital occupancies for states in which they are the major contributors.
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TABLE V. Vertical excitation energies~kcal/mol!, adiabatic excitation energies, and optimized geometries for CH2N
2.

State Symmetry Transition VEE AEE rCN rCH uNCH

Ground state
0 11A1 1.2406 1.1229 125.28

Singlet states
1 11A2 nN(2px)→pCN* /rC(3pz) 60.1 55.4 1.3203 1.0863 121.47
2 11B2 nN(2px)→rC(3s) /rN(3spy) 76.5 73.7 1.1983 1.1013 123.83
3 21B2 nN(2px)→rC(3py) 91.2 88.9 1.1969 1.1127 126.48
4 21A1 nN(2px)→rC(3px) 97.8 94.1 1.2001 1.0946 121.75
5 21A2 nN(2px)→rC(3pz) /rN(3pz) 114.9 113.8 1.2214 1.1020 123.45
6 11B1 pCN→rC(3spx) 142.0 132.0 1.3506 1.0777 122.42
7 31A1 pCN /nN(2px)→rC(3pz) /pCH* /rC(3px) 153.5 145.9 1.3401 1.0881 122.79
10 31A2 pCN→rC(3px) /pCN* 160.2 148.9 1.3540 1.0764 120.27
12 31B1 nN(2px)→pCN* /sCN* /rC(3pz) 180.7 160.6 1.4709 1.0734 115.07
14 51A1 pCN /nN(2spy)→pCN* /rN(3pz) 203.6 189.9 1.3921 1.0980 122.69

Triplet states
1 13A2 nN(2px)→pCN* /rC(3pz) 42.8 31.4 1.3718 1.0976 113.11
2 13B2 nN(2px)→rC(3s) /rN(3spy) 71.6 68.8 1.1950 1.1070 124.18
3 23B2 nN(2px)→rC(3py) 85.1 82.7 1.1963 1.1210 127.21
4 13A1 nN(2px) /sCH(2)→pCN* 92.3 88.1 1.1897 1.1078 122.16
5 23A1 pCN→pCN* 100.2 77.1 1.4358 1.0981 124.04
6 23A2 nN(2px)→rC(3pz) /pCN* /rN(3pz) 112.1 110.6 1.2134 1.1019 123.56
7 13B1 pCN→rC(3s) 135.6 123.9 1.3722 1.0794 120.90
8 23B1 nN(2px)→pCN* 144.5 128.0 1.3922 1.0755 119.92
11 33B1 pCN→rC(3py) /rN(3s) 153.7 141.6 1.3697 1.0818 122.93
13 33A2 pCN→rC(3px) /pCN* 158.0 146.7 1.3553 1.0778 120.27

afHCNH553.95°.

TABLE VI. Vertical excitation energies~kcal/mol!, natural charge shifts, adiabatic excitation energies, and optimized geometries for CH2OH
1.

State Symmetry Transition VEE DqC DqO AEE rCO rOH5 uCOH5

Ground state
0 2 1A9 1.2317 0.9600 117.75

Singlet states
1a 1 1A9 pCO/sCH~2!/sOH→pCO* 164.6 20.525 10.154 131.5 1.2540 0.9685 119.09
2 21A9 sCO/sCH3

/pCO→sCO* /nC(2pxy) 256.0 20.430 10.257 Unresolvable curve crossing
3a 2 1A8 pCO→pCO* 260.8 20.383 10.408 131.5 1.2540 0.9685 119.09
4 31A8 nO /sCH(2)→sOH* /rC(3spy) /rO(3s) 297.1 20.130 10.240 Dissociative—O–H bond broken
5a 3 1A9 pCO/sOH /sCH4

→pCO* 312.8 20.420 10.266 131.5 1.2540 0.9685 119.09
6 41A9 pCO→sOH* /pCO* /rH5 321.8 20.040 10.503 Dissociative—O–H bond broken
7 41A8 pCO/sCH~2!/sOH /nO→pCO* /rC(3spy) /sCH 336.6 20.186 10.152 Dissociative—C–H bonds broken
8a 5 1A9 sCH4

/nO→rC(3pxy) /pCO* /rO(3spx) 353.2 20.354 10.156 131.5 1.2540 0.9685 119.09

Triplet states
1b 1 3A9 pCO/sCH4

/sCH3
/sOH→pCO* 141.8 20.524 10.126 108.3 1.2538 0.9631 118.59

2b 1 3A8 pCO→pCO* 161.4 20.738 10.764 108.3 1.2538 0.9631 118.59
3 23A9 sCO/sCH3

→sCO* /sCH3
* 227.7 20.432 10.202 Dissociative—C–H3 bond broken

4 23A8 sOH /sCH4
/nO /sCH3

→sOH* /sCH4
* 274.3 20.055 10.303 Dissociative—O–H bond broken

5 33A9 pCO/sCH4
/sOH→pCO* /sCH4

* 279.6 20.414 10.188 Dissociative—C–H4 bond broken
6 43A9 pCO→sOH* /rH5(2s) 303.1 10.102 10.115 Dissociative—O–H bond broken
7 33A8 sCH~2!/sOH /nO→sCH* /sOH* /rH3(2s) 305.0 20.009 10.537 Dissociative—O–H bond broken
8 43A8 sCH(2)/nO /sOH→sCH4

* /rC(3spxy) /sCH3
* 320.9 20.008 10.047 Dissociative—C–H4 bond broken

afH4COH3
5 52.06° ~pyramidal distortion angle!, H5 opposite~180° from! bisector of HCH angle.

bfH4OCH3
5 75.02°, H5 opposite bisector of HCH angle.
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TABLE VII. Vertical excitation energies~kcal/mol!, adiabatic excitation energies, and optimized geometries for formaldehyde.

State Symmetry Transition VEEa Hadadb AEE rCO rCH uOCH fHCOH

Ground state
0 2 1A1 1.1862 1.0923 121.83 0.00

Singlet states
1 11A2 nO(2px)→pCO* 108.2 105.6 103.5 1.2552 1.0856 118.01 26.10
2 11B2 nO(2px) /sCH(2)→rC(3s) /sCH* (2) 203.3 158.0 197.8 1.1311 1.1842 130.73 0.00
3 21B2 nO(2px) /sCH(2)→rC(3py) /sCO* 219.3 176.6 214.5 1.1441 1.1452 127.86 0.00
4 21A1 nO(2px) /sCH(2)→rC(3px) 227.5 195.3 186.4 1.4889 1.0774 107.97 44.72
5 11B1 pCO/nO(2spy)→pCO* /sCO* 234.2 229.9 186.4 1.4889 1.0774 107.97 44.72
6 31A1 pCO/nO(2spy)→pCO* 235.4 211.9 186.4 1.4889 1.0774 107.97 44.72
8 31A2 sCH(2)/nO(2px)→pCO* 269.9 232.4 214.5 1.1441 1.1452 127.86 0.00
9 21B1 pCO→rC(3s) /rO(3s) 270.0 250.0 254.4 1.3131 1.0767 116.98 0.00

Triplet states
1 13A2 nO(2px)→pCO* 89.8 95.7 82.8 1.2552 1.0926 114.26 47.42
2 13A1 pCO→pCO* 120.9 155.0 82.5 1.4080 1.0726 113.24 40.00
3 13B2 nO(2px) /sCH(2)→rC(3s) /sCH* (2) 193.8 160.7 82.8 1.2552 1.0926 114.26 47.42
4 13B1 nO(2spy)→pCO* 203.9 211.7 164.3 1.4681 1.0731 105.89 37.01
5 23B2 nO(2px) /sCH(2)→rC(3py) /rO(3s) /sCO* 211.0 178.7 206.9 1.1504 1.1368 127.55 0.00
6 23A1 nO(2px) /sCH(2)→rC(3px) 218.6 179.4 211.3 1.1385 1.2027 124.02 0.00
8 33A2 sCH(2)/nO(2px)→pCO* 249.2 242.6 218.1 1.2926 1.1601 132.00 28.56
10 23B2 nO(2px) /sCH(2)→pCO* /rC(3spy) /sCH* (2) 273.1 237.8 1.1444 1.2144 111.39 0.00

aThis work.
bReference 10, CIS-MP2/6-311~21,21!G** .

TABLE VIII. Vertical excitation energies~kcal/mol!, adiabatic excitation energies, and optimized geometries for HCO2.

State Symmetry Transition VEE AEE rCO rCH uHCO

Ground state
0 2 1A8 1.2241 1.1895 109.33

Singlet states
1 11A9 nC(2spxz) /nO(2pxz)→pCO* /sCH* /rC(3pz) 53.3 47.4 1.2175 1.1102 128.49
2 21A8 nC(2spxy) /nO(2px)→rC(3px) /sCH* 71.7 60.8 1.1590 1.0983 125.76
3 31A8 nC(2spxy) /nO(2px)→sCO* /sCH* 84.6 73.7 1.1590 1.1300 128.16
4 21A9 nC(2spxy) /nO(2px)→rC(3pz) /sCO* 107.9 99.9 1.1864 1.1078 127.87
5 41A8 nC(2spxy) /nO(2px) /sCH→rC(3px) 110.3 105.8 1.1711 1.1666 117.44
6 31A9 nC(2spxy) /nO(2px)→pCO* /rC(3pz) 182.5 159.2 1.4113 1.1230 102.94
7 51A8 nO(2px) /nC(2spxy) /sCH→rO(3py) /rC(3spy) 187.6 181.3 1.1554 1.1315 122.37
8 61A8 pCO/nO(2px) /nC(2spxy) /sCH→rC(3px) /pCO* /rC(3pz) 202.9 180.2 1.4716 1.1104 102.42
9 41A9 pCO→rC(3spy) /rO(3s) 206.5 187.8 1.3770 1.0931 103.47
10 71A8 pCO/nC(2pxy) /sCH→pCO* /rO(3pz) /rC(3pz) 210.7 210.2 1.2124 1.1571 112.55
15 61A9 sCO/sCH /pCO/nO(2px)→pCO* 238.9 197.8 1.4747 1.1524 99.95

Triplet states
1 13A9 nC(2spxz) /nO(2pxz)→pCO* /sCO* 27.6 20.6 1.2461 1.1044 125.86
2 13A8 nC(2spxy) /nO(2px)→rC(3s) /sCH* 60.6 48.8 1.1554 1.1144 128.08
3 23A8 nC(2spxz) /nO(2pxz)→rC(3pxy) /sCH* 76.3 63.1 1.1491 1.1187 129.97
4 33A8 nC(2spxy) /nO(2px)→rC(3pxy) /rO(3s) /sCH* 80.1 68.3 1.1556 1.1249 129.25
5 23A9 nC(2spxz) /nO(2pxz)→sCH* /pCO* 96.3 87.8 1.1760 1.1184 126.33
6 43A8 pCO→pCO* 134.9 102.1 1.4422 1.1149 101.87
7 33A9 nC(2spxy) /nO(2px)→pCO* 158.4 141.3 1.3454 1.1268 101.55
8 53A8 nC(2spxy) /nO(2px)→rC(3spxy) /rO(3py) /sCH* 163.9 Dissociative—C–H bond broken
9 63A8 nC(2spxy) /nO(2px) /sCH→rO(3py) /sCH* /rC(3spxy) 191.2 Dissociative—C–H bond broken
10 73A8 nO(2px) /nC(2spxy) /sCH→rC(3px) /rO(3px) 197.5 191.6 1.1566 1.1376 115.68
11 43A9 pCO/sCH→pCO* /rC(3spy) /rO(3s) 199.5 181.2 1.3837 1.0948 103.24
14 63A9 nO(2pxy) /nC(2spxy) /sCH→pCO* /rO(3pz) 224.5 221.9 1.2563 1.1364 112.23
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C. Formaldehyde

The excited states of protonated formaldehyde,
CH2OH

1, are listed in Table VI. Over the series CH2CH
2,

CH2NH, CH2OH
1, as the electronegativity difference be-

tween C and its partner atom increases, and the overall
charge of the species becomes more positive, the states be-
come more widely separated. The greater shift in charge to-
ward the carbon atom upon excitation in the molecules with
more polar CX bonds is due to two factors. The first is the
transfer of more density from orbitals centered on X2 (nX1)
to Rydbergs on C1 as the X atom becomes more

electronegative.51 The second factor is the increased polar-
ization of thep bond toward X2 andp* toward C1 as X2
becomes more electronegative.52

Table VII lists the excited state assignments and vertical
transition energies of CH2O, along with the
CIS-MP2/6-311~21,21!G** results of Hadadet al.14 Most
of the assignments and valence state energies agree fairly
well, but their CIS-MP2 Rydberg excitation energies are
lower due to the effect of electron correlation. Two lone
pairs on the same atom remain distinct from each other, hy-
bridized 2px and 2spy . However, when two lone pairs are
on adjacent heavy atoms, as in HCO2 ~Table VIII!, the ex-
citations become noticeably more delocalized. It also takes
much less energy to excite an electron out of the HOMO,
which is a combination of the C and O lone pairs~more out
of the less stablenC lone pair thannO!. Following the series
CH2CH

2, CH2N
2, HCO2, one sees the first singlet and trip-

let energies diminish as the species maintains a negative
charge but hydrogens are lost.

Table VI shows even more curve crossing and dissocia-
tion for excited CH2OH

1 than for CH2NH2
1 . The shift in

density away from the oxygen toward carbon upon excitation
into the sOH* antibond weakens the OH bond. The most

FIG. 4. Nonplanar excited state optimized geometries~CIS 6-311G* ! of
CH2OH

1.

TABLE IX. Excited state deprotonation energies~kcal/mol! for CH2CH2.

Deprotonation reactiona Transitionb

Vertical
deprotonation

energyc

Adiabatic
deprotonation

energy

Ground state
CH2CH2~0!→CH2CH

2~0!1H1 ••• 422.6 422.6

Singlet states

CH2CH2~2!
1B1u

→CH2CH
2~12!

1A9

1H1 pCC/@nC#→pCC* /rC(3pz) 401.4 452.5

CH2CH2~3!
1B1g

→CH2CH
2~7!

1A8

1H1 pCC→rC(3px) 364.3 340.9

CH2CH2~4!
1B2g

→CH2CH
2~13!

1A9

1H1 pCC→rC(3py) 396.2 398.0

CH2CH2~5!
1Ag

→CH2CH
2~11!

1A8

1H1 pCC/@nCC#→rC(3pz) /pCC* 363.4 366.7

CH2CH2(9)
1B2g

→CH2CH
2(17)

1A9

1H1 sCC/sCH→pCC* 391.8 292.1

Triplet states

CH2CH2~1!
3B1u

→CH2CH
2~3!

3A9

1H1 pCC→pCC* 425.4 414.1

CH2CH2~3!
3B1g

→CH2CH
2~9!

3A8

1H1 pCC→rC(3px) 363.4 338.7

CH2CH2~4!
3B2g

→CH2CH
2~6!

3A9

1H1 pCC→rC(3py) 342.5 326.1

CH2CH2~5!
3Ag

→CH2CH
2~8!

3A8

1H1 pCC→rC(3pz) /pCC* 358.1 358.9

CH2CH2~9!
3B2g

→CH2CH
2~18!

3A9

1H1 sCC/sCH→pCC* 393.9 337.5

aNumbers in parentheses refer to states numbered in earlier tables.
bOrbitals in brackets make a minor contribution to the excitation in one species, and none in the other.
cDifference in vertical excitation energies~no geometric relaxation!.
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stable excited state geometries have the OH bond 180° op-
posite the bisector of the HCH angle@Figs. 4~a! and 4~b!#.
The ninth triplet state relieves strain by linearizing the COH
angle.

The correlation ofp/p* character and CO bond length-
ening and nonplanarity for the excited states of CH2O can be
seen in Table VII. The CO bond length increases by 0.3 Å
for the formaldehyde adiabaticp→p* singlet state, the HCH
angle opens up by 27°, and the geometry distorts to a non-
planar structure. This contrasts with the structure found by
Hadadet al.,14 which had similar bond lengths and angles,
but was planar. Thep→p* triplet state CO bond lengthens
by a lesser amount. The CO bond lengths fornO→p* states
increase slightly, but the structure is even more pyramidal.

The optimized geometries of CH2O states exciting out of
MO 8 ~the HOMO! composed ofnO(2px) /sCH(2) have
shorter CO bond lengths. Depopulation of the oxygen lone
pair decreases the diffuseness of the density around oxygen
and moves electrons toward the COs bond to strengthen it,
confirmed by contour plots of these orbitals. These results
are consistent with the CIS optimized structures calculated
by Hadadet al.14 for the states labeledny→3s(1 1B2) and
ny→3pz(2

1B2), which were planar with shorter CO bond
lengths and smaller HCH angles. This effect is also seen in
HCO2 ~Table VIII!. In this species, the HOMO is a mixture
of the carbon and oxygen lone pairs, with the less stable
carbon lone pair more easily depopulated. Thus even the
excitations of mostlynO(2px) character, similar to those in
formaldehyde, also depopulate the adjacentnC(2pxy) NBO. In
fact, if enough density is removed from the valence region to
Rydberg orbitals, the two adjacent C and O 2pxy lone pairs,
each left with only 1.2–1.5e, are better described as a third
CO bond of boths andp character with occupancy of nearly
2.0 coupled with a less populateds* /p* orbital. This in-
creased bonding causes the shorter bond length, and is ac-
companied by an increase in the HCO angles.

IV. EXCITED STATE DEPROTONATION ENERGIES

For each acid-base pair, the energy difference between
ground state optimized minima of the protonated acid BH1

and deprotonated base B is the ground state deprotonation
energy, or electronic contribution to the proton affinity

DE0~BH
1!52E0~BH

1!1E0~B!. ~1!

The base B may be an anion. This value differs from the
experimental proton affinity by the vibrational, rotational,
and translational contributions. These factors are generally
found to decrease the calculated deprotonation energies by a
few kcal/mol due to partial cancellation between protonated
and deprotonated species.19

For CH2CH2 we obtained a ground state deprotonation
energy of 422.6 kcal/mol, which is consistent with previous
calculated values of 418–424 kcal/mol~Ref. 19! and higher
than the experimental result of 406.0 kcal/mol.53 The proto-
nation energy of ground state CH2NH at the HF/6231
1G(d,p) level, 222.90 kcal/mol, is higher than the
MP2/6-311G*(d,p) value of 216.8 kcal/mol~Ref. 23! and

other calculated values in the range of 200–208 kcal/mol at
298 K using variousab initiomethods.23,29The experimental
proton affinity54 of CH2NH is 204.1 kcal/mol.

The deprotonation energy of CH2OH
1 at the HF/6-31

1G(d,p) level, 184.4 kcal/mol, confirms the value at the
same level of theory obtained by Del Bene,23 and is higher
than the MP2/6-311G(d,p) value of 176.6 kcal/mol, as well
as the G2 value,28 168.7 kcal/mol. Calculations of the CH2O
proton affinity are in the range of 167–179 kcal/mol for a
variety of different approaches.20,21,23–27,55These values are
all within a few kcal/mol of the experimental value,56 171.7
kcal/mol. Correlation decreases the deprotonation energy by
6–8 kcal/mol, and the change in zero point and vibrational
energy decreases the proton affinity by 6–10 kcal/mol. Our
deprotonation energies are close to those from previous cal-
culations, and can be compared with those of the species in
their excited states.

The excited state protonations which we consider are
those which preserve the symmetry, character and, if pos-
sible, geometry of the state. Planar symmetry groups57 with
some common symmetry elements can be mapped onto one
another, as shown in Chart 1.

Excited state NBO analysis can be used as a helpful tool to
‘‘match’’ states of similar character~quantitatively similar
depopulation and population of orbitals of the same type for
both species! and compatible symmetry between the proto-
nated and unprotonated species. The excited state adiabatic
deprotonation energy may be written as

DEk
A~BH1!52Ei~BH

1!1Ej~B!5DE0~BH
1!

1@2Ei
A~BH1!1Ej

A~B!#, ~2!

wherek is an index for excited state matchesi2 j for which
a deprotonation energy can be determined,i is the excited
state of protonated BH1, j is the excited state of base B.
Ei
A~BH1! andEj

A~B! are the adiabatic transition energies af-
ter the geometries of BH1 and B have been optimized for
statesi and j , respectively. A corresponding ‘‘vertical depro-
tonation energy’’~VDE! can be calculated from the vertical
transition energies,Ei

V~BH1! and Ej
V~B!. This quantity

shows the effect of electronic excitation independent of ge-
ometry relaxation.

Tables IX–XIII tabulate several vertical and adiabatic
excited state deprotonation energies, ordered by the acid ex-
cited state, for the systems considered in this study, along
with the ground state DE. Cations require much less energy
to deprotonate; the ground state DE of CH2NH2

1 is a little
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less than half of that of neutral ethylene. Each deprotonation
reaction is labeled with the acid and base excited state and
symmetry. Bracketed orbitals are those which make a minor
contribution to the state of one species but not the other. For
each reaction, the number of excited states that can be cor-
related between the protonated and deprotonated species in-
dicates the similarity between the ground and excited state
electronic structure of the two species. The
CH2CH2/CH2CH

2 ~Table IX!, CH2NH2
1/CH2NH ~Table X!,

and CH2NH/CH2N
2 ~Table XI! systems show a fairly high

degree of correlation. CH2NH and CH2N
2 have the most

excited states with similar character. In both species the
HOMO is primarily an in-plane nitrogen lone pair. Though
this lone pair has slightly different hybridization,px for
CH2N

2 andspxpy CH2NH, excitations from this orbital are
distinct in both species. In contrast to the CH2NH/CH2N

2

system, the CH2OH
1/CH2O system ~Table XII!, which

nominally has the same bonding structure, shows much less
correlation between the excited states. Only two singlet
states and the relatively ‘‘pure’’ tripletp→p* state have
similar character. Few of the excited states of CH2OH

1 are
stable, and the excitations in both species are much more
delocalized over the entire molecule. The HOMO is no
longer primarily a single lone pair on one center, but extends
into thesCH andsOH bonds.

We focus our attention first on the vertical deprotonation

energies in order to understand the effects of electronic ex-
citation in isolation from nuclear arrangements. The excited
state VDEs are almost all lower than those of the ground
state. For most excited states, this can be attributed to the
consistently larger ‘‘gap’’ between the ground and first ex-
cited state and the lower density of states for the protonated
species than the deprotonated one. Tables I–VIII show that
the first vertical excitation energy decreases over the series:
protonated cation.neutral species.deprotonated anion. Fig-
ure 5 compares the triplet vertical excitation energies of
CH2NH2

1 , CH2NH, and CH2N
2. The gap decreases over this

series from 124.2 to 99.7 to 42.8 kcal/mol, and the same
trend in VEEs is seen for many excited states of similar
character, such as thep→rC(3spy) /@rN(3spy) /sCH* # states,

highlighted in Fig. 5.
One cause of the lowered DE in the excited state may be

associated with the decreased charge on X2 due to the charge
shift toward C1 upon excitation of the base species. The low-
ered negative charge leads to less electrostatic attraction be-
tween the proton and anion, and less energy is gained by
protonation of N. However, due to the different number of
hydrogens on the X2 atom, the charge of this atom alone is
not always a reliable indicator.

For each acid/base deprotonation pair, the vertical tran-
sition energies of the base are consistently closer together

TABLE X. Excited state deprotonation energies~kcal/mol! for CH2NH2
1 .

Deprotonation reaction Transition

Vertical
deprotonation

energy

Adiabatic
deprotonation

energy

Ground state
CH2NH2

1~0!→CH2NH~0!1H1 ••• 222.9 222.9

Singlet states

CH2NH2
1~2!

1A1

→CH2NH~3!
1A8

1H1 pCN /@nN#→pCN* 195.2 286.8

CH2NH2
1~3!

1B1

→CH2NH~10!
1A9

1H1 sCN /sCH /pCN→pCN* 193.6 202.3

CH2NH2
1~4!

1B1

→CH2NH~4!
1A9

1H1 pCN→rN(3spx) /rC(3spx) /sNH* 154.0 308.4

CH2NH2
1~7!

1B1

→CH2NH~7!
1A9

1H1 pCN→rC(3spy) /@rN(3spy)#/sCH* 129.2 316.1

CH2NH2
1~9!

1A1

→CH2NH~11!
1A8

1H1 pCN→pCN* /rN(3pz) /rC(3pz) 137.9 124.3

Triplet states

CH2NH2
1~1!

3A1

→CH2NH~1!
1A8

1H1 pCN→pCN* 198.4 194.0

CH2NH2
1~3!

3B1

→CH2NH~7!
1A9

1H1 pCN /sCH /sCN→pCN* 199.2 193.5

CH2NH2
1~4!

3B1

→CH2NH~4!
1A9

1H1 pCN→sNN* /rN(3s) /rC(3s) 160.9 ,0
~dissociative!

CH2NH2
1~9!

3B1

→CH2NH~8!
1A9

1H1 pCN→rC(3spy) /rN(3spy) /sCH* 134.5 194.0
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TABLE XI. Excited state deprotonation energies~kcal/mol! for CH2NH.

Deprotonation reaction Transition

Vertical
deprotonation

energy

Adiabatic
deprotonation

energy

Ground state
CH2NH~0!→CH2N

2~0!1H1 ••• 404.6 404.6
Singlet states

CH2NH~1!
1A9

→CH2N
2~1!

1A2

1H1 nN→pCN* 328.8 365.8

CH2NH~2!
1A8

→CH2N
2~2!

1B2

1H1 nN→rC(3spy) /rC(3spy) 288.9 303.2

CH2NH~3!
1A8

→CH2N
2~7!

1A1

1H1 pCN /nN→pCN* /rC(3pz) 351.4 371.8

CH2NH~4!
1A9

→CH2N
2~6!

1B1

1H1 pCN→rC(3spx) /rN(3spx) 336.9 336.3

CH2NH~5!
1A8

→CH2N
2~8!

1B2

1H1 nN→rO(3spy) 340.6 353.9

CH2NH~11!
1A8

→CH2N
2~14!
1A1

1H1 pCN→pCN* /rC(3pz) /rN(3pz) 352.8 374.8

Triplet states

CH2NH~1!
1A8

→CH2N
2~5!

3A1

1H1 pCN→pCN* 405.1 418.5

CH2NH~2!
1A9

→CH2N
2~1!

3A2

1H1 nN→pCN* /@rC(3pz)# 337.9 373.2

CH2NH~3!
1A8

→CH2N
2~2!

3B2

1H1 nN→rC(3s) /rN(3s) 294.8 410.2

CH2NH~4!
1A9

→CH2N
2~7!

3B1

1H1 pCN→rC(3s) /rN(3s) 337.6 ,0
~dissociative!

CH2NH~8!
1A9

→CH2N
2~11!
3B1

1H1 pCN→rO(3spy)
327.8 482.9

CH2NH~10!
1A9

→CH2N
2~13!
3B1

1H1 pCN→rC(3pxy)/pCN*
324.5 348.0

TABLE XII. Excited state deprotonation energies~kcal/mol! for CH2OH
1.

Deprotonation reaction Transition

Vertical
deprotonation

energy

Adiabatic
deprotonation

energy

Ground state
CH2OH

1~0!→CH2O~0!1H1 ••• 184.4 184.4

Singlet states

CH2OH
1~3!

1A1

→CH2O~6!
1A8

1H1 pCO/@nO#→pCO* 159.0 239.2

CH2OH
1~8!

1A1

→CH2O~8!
1A8

1H1 sCH /nO→pCO* /@nC(3pxy) /rO(3spx)# 101.1 267.4

Triplet states

CH2OH
1~2!

3A1

→CH2O~2!
1A8

1H1 pCO→pCO* 143.9 158.6
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than in the acid; however, many of those in the base are
excitations out of the additional lone pair not common to
both species. For example, the CH2CH

2 carbon lone pair is
not present in ethylene. If one considers only those states
common to both species, such as the ones connected by dot-

ted lines in Fig. 5, the spacing of the excited states results in
a general reduction of VEE as the system is progressively
deprotonated. With one exception, the ordering of excited
states of similar character is the same unless the states are
close together in both species.

The one type of transition which does not follow the
above trends is thep→p* state. In some cases, this state
undergoes little or no stabilization in the deprotonated spe-
cies, as compared to the protonated one. An example is ex-
hibited in Fig. 5, where the VEE of thep→p* state in21
CH2N

2 is in fact slightly larger than in its parent CH2NH.
This behavior contrasts sharply with the lowering of most
other states upon deprotonation. This is true of all the triplet
and some singletp→p* states of the anions. The same phe-
nomenon is noted in some singletp→p* states of neutral
species as compared to their parent cation.

Investigation as to which MOs are involved in the
p→p* excitations which exhibit this phenomenon reveals
that these excitations are indeed mostly ofp character, but
also contain contributions from MOs with somes character.
This contribution is also clearly seen in the occupancy
changes of thes-type NBOs, which are sometimes almost as
great as those of thep andp* orbitals. For example, in the
case of the second triplet state listed in Table X
(pCN/sCN/sCH→pCN* ), Fig. 5 shows that in the deproto-
nated species, CH2NH, the state of this character, while
lower in excitation energy than that of CH2NH2

1 , is higher in
order for CH2NH ~state 7! than for CH2NH2

1 ~state 3!. In
addition to shifting density in the out-of-planep region from
X2 to C1, density is depleted from the in-plane lone pair of
X2 and one or more hydrogens to regions further from the

FIG. 5. Triplet state vertical transition energies~in kcal/mol! for the
CH2NHn series. Selected states for which a vertical deprotonation energy
can be found are connected with dotted lines.

TABLE XIII. Excited state deprotonation energies~kcal/mol! for formaldehyde.

Deprotonation reaction Transition

Vertical
deprotonation

energy

Adiabatic
deprotonation

energy

Ground state
CH2O~0!→HCO2~0!1H1 ••• 408.2 408.2

Singlet states

CH2O~4!
1A1

→HCO2~5!
1A8

1H1 nO(2px) /sCH /@nC#→rC(3px) 291.5 327.6

CH2O~9!
1B1

→HCO2~9!
1A9

1H1 pCO→rC(3s) 344.7 341.6

Triplet states

CH2O~1!
3A2

→HCO2~5!
1A9

1H1 nO(2px) /@nC#→pCO* 414.7 413.2

CH2O~2!
3A1

→HCO2~6!
1A8

1H1 pCO→pCO* 422.2 427.8

CH2O~3!
3B2

→HCO2~2!
1A8

1H1 nO(2px) /@nC#→rC(3s) /sCH* 275.0 374.2

CH2O~4!
3B1

→HCO2~1!
1A9

1H1 nO(2px) /@nC#→pCO* /sCO* 231.9 264.5

CH2O~6!
3A1

→HCO2~10!
1A8

1H1 nO(2px) /sCH /@nC#→rC(3px) /rO(3px) 387.1 388.5
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molecule. Such shifts appear to destabilize the excited state
more than purep→p* states in which this mixing does not
occur. In the deprotonation reaction, this destabilization of
the deprotonated species counteracts the general decrease in
VEE accompanying the more negative net charge on the spe-
cies, leading to a greater vertical deprotonation energy than
the ground stateDE, particularly for the CH2CH2, CH2NH,
and CH2O triplet p→p* states.

Next we compare the effect of geometry relaxation on
the process by comparing the vertical with the adiabatic DEs.
There are four general types of geometry relaxation that oc-
cur after excitation of H2CvXHn species: changes in bond
lengths~primarily rCX!, changes in bond angles~primarily
uCXH!, ‘‘twisting’’ of the XH n group relative to CH2, and
pyramidal distortion of the CH2 group. Table I shows that the
adiabatic excitation energies of the ethylene 11B1u(V) and
1 3B1u(T) states have been lowered by 49.3 and 36.2 kcal/
mol, respectively, relative to the corresponding VEE values
by twisting nearly 90°@Fig. 2~a!#. The adiabatic transition
energy of 23B2g state@Fig. 2~c!#, is 55.1 kcal/mol lower due
to an asymmetric pyramidal distortion of the CH2 groups.
Nearly the same energy lowering, 46.4 kcal/mol, occurs for
the planar 21B2g state, but in this case by a severe elongation
of the CC bond by 0.31 Å. Twisting by 38.4° lowers the
energy of the 31A9 state of CH2NH ~Table IV! by 25.8 kcal/
mol, while pyramidal distortion stabilizes several states by
more than 40 kcal/mol. Closure of theuCNH angle from 112°
to 90° with a slightly shorter CN bond stabilizes the 41A8
state by 23.6 kcal/mol, while opening it up to 144° lowers
the 43A8 state energy by 17.1 kcal/mol. Bond length changes
of less than 0.1 Å and angle changes less than 10° for other
planar states lower the energy by only;5–15 kcal/mol. Cor-
relation of the amount of energy lowering with geometry
changes in all eight species in this study yields the following
stabilization hierarchy:

DrCX'DuCXH

,pyramidal distortion,twist,twist1pyramidization.

Comparison of the major geometry changes of the pro-
tonated and deprotonated species upon relaxation explains
the differences between the vertical and adiabatic excited
state deprotonation energies. A greater geometric stabiliza-
tion of the protonated species causesEi

A~BH1! to be lower
relative toEj

A(B), and hence the adiabatic deprotonation en-
ergy is greater than the VDE; the opposite is true if the
deprotonated species is more stabilized. For then→p* ,
n→r 3pz ~out-of-plane Rydberg!, all but one of thep→p* ,
and several of thep→r 3pz andp→r 3py states, the optimized
geometry of the protonated species shows nearly equal or
greater twist or pyramidal distortion than does the deproto-
nated species. In several cases the increase of the deprotona-
tion energy due to geometry relaxation is greater than is the
lowering due to the change in the electron distribution~ver-
tical properties!, so the adiabatic deprotonation energy is
even greater than that of the ground state. For thes→p*
singlet and triplet states of ethylene, on the other hand, the
deprotonated species~CH2CH

2! is more distorted, so the

ADE is less than the VDE and is much smaller than the
ground state deprotonation energy. The geometries of the
acid and base are both planar forp→r 3px, n→r 3px, and
n→r 3py states, so the adiabatic deprotonation energy is
within 620 kcal/mol of the VDE; the ADE is lower than the
ground state deprotonation energy mainly due to the elec-
tronic effect.

V. CONCLUSIONS

Natural bond orbital analysis of CIS ground and excited
state densities has been used to examine changes in bonding
patterns upon excitation. This allows excited states of similar
character in the acid and base to be correlated. The nature of
the bonding NBOs that are depopulated and those antibond-
ing or Rydberg orbitals that are populated can also be used to
predict qualitative bond length and bond angle changes, in-
cluding likely bond dissociations. In the case of planar mol-
ecules, the degree to which the excitation involvesp or p*
MOs also determines the amount of nonplanar twisting or
pyramidalization the system undergoes. NBO analysis shows
that higher energy transitions are also more delocalized.
Moreover, as the C–X electronegativity difference becomes
greater, the excitations become more delocalized, and show
more involvement of thesCX , sCH, andsXH bonds and an-
tibonds. This greater contribution of thes system to excita-
tions leads to more frequent dissociation upon geometry re-
laxation.

The vertical transition energies of the deprotonated spe-
cies tend to be lower and closer together than those of the
protonated species. Therefore, most of the vertical deproto-
nation energies are less than the ground state DE. The calcu-
lations show evidence of a consistent charge shift away from
the more electronegative atom upon excitation, which, inde-
pendent of geometry relaxation, causes the species to be
more easily deprotonated in the excited state than in the
ground state in most cases. This shift becomes greater as the
electronegativity difference between C and X increases. The
exception is somep→p* transitions, in which the VDE is
higher than the ground state value because the excitation
energy of the deprotonated species~anion or neutral! is
higher than expected due to contributions from MOs with
somes-character which shift density away from the in-plane
lone pair and hydrogens to regions further from the mol-
ecule.

Changes in geometry upon relaxation generally have a
greater effect on the adiabatic deprotonation energies than
shifts in the electron density, with pyramidal distortion and
out-of-plane twisting more important than in-plane bond
length and bond angle changes. The ADE may be greater or
less than the VDE depending on whether the protonated or
deprotonated species is more stabilized by geometry relax-
ation. Rydberg excited states, whose geometries generally
remain planar, tend to decrease the deprotonation energy by
removing electron density from the compact region about the
heavy atom to which it is bonded. Unlike the adiabatic ex-
cited states in the HCwCH/HCwC2 and HCwN/CwN2

systems, those of the H2CvXH2 species tend to be ordered
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and spaced differently in the protonated and deprotonated
species, and so excited state deprotonation energies can be
up to ;100 kcal/mol greater or less than the ground state
deprotonation energy. The reordering is primarily caused by
nonplanar distortion, which does not occur in these triply
bonded systems.

These results are important in the context of proton
transfer. To photocatalyze a rapid proton transfer, increasing
the rate, one wishes to decrease the deprotonation energy or
proton affinity of the proton donor, and increase that of the
acceptor. In many cases this could be achieved experimen-
tally by simultaneously exciting the donor to a low-lying
Rydberg state and the acceptor into thep* orbital, providing
the adiabatic geometry of the system allows a lower barrier.
Since adiabatic geometry strongly influences the deprotona-
tion energies, knowledge of the excited state deprotonation
energies in a comprehensive set of useful prototype frag-
ments of common biological molecules with analogous ge-
ometries can show how local geometry influences excited
state proton transfer for the larger systems.
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